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Abstract17
River deltas grow by repeating cycles of lobe development punctuated by channel avul-18
sions, so that over time, lobes amalgamate to produce a composite landform. Existing19
models have shown that backwater hydrodynamics are important in avulsion dynamics,20
but the effect of lobe progradation on avulsion frequency and location has yet to be ex-21
plored. Herein, a quasi-2D numerical model incorporating channel avulsion and lobe de-22
velopment cycles is developed. The model is validated by the well-constrained case of23
a prograding lobe on the Yellow River delta, China. It is determined that with lobe progra-24
dation, avulsion frequency decreases and avulsion length increases, relative to conditions25
where a delta lobe does not prograde. Lobe progradation lowers the channel bed gra-26
dient, which results in channel aggradation over the delta topset that is focused farther27
upstream, shifting the avulsion location upstream. Furthermore, the frequency and lo-28
cation of channel avulsions are sensitive to the threshold in channel-bed superelevation29
that triggers an avulsion. For example, avulsions occur less frequently with a larger su-30
perelevation threshold, resulting in greater lobe progradation and avulsions that occur31
farther upstream. When the delta lobe length prior to avulsion is a moderate fraction32
of the backwater length (0.3–0.5Lb), the interplay between variable water discharge and33
lobe progradation together set the avulsion location, and a model capturing both pro-34
cesses is necessary to predict avulsion timing and location. While this study is validated35
by data from the Yellow River delta, the numerical framework is rooted in physical re-36
lationships and can therefore be extended to other deltaic systems.37
1 Introduction38
The development of a fluvial-deltaic system over timescales of decades to millenia39
is characterized by repeated lobe switching: a process whereby a primary distributary40
channel progrades basinward, building a lobe until an avulsion causes the distributary41
channel to shift, generating a new lobe (Frazier, 1967). Over time, lobes amalgamate and42
produce a delta that typically maintains an approximately radially symmetric planform43
(Figure 1). Many large, lowland fluvial-deltaic systems require tens to thousands of years44
between avulsions (Jerolmack & Mohrig, 2007). As a result, field studies of modern chan-45
nel avulsions have identified, at most, only a few events (Frazier, 1967; Wells & Dorr,46
1987; Coleman, 1988; Smith et al., 1989; Brizga & Finlayson, 1990; McCarthy et al., 1992;47
Richards et al., 1993; Xue, 1993; van Gelder et al., 1994; To¨rnqvist, 1994; Jones & Harper,48
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1998; Assine, 2005; Jerolmack, 2009; Donselaar et al., 2013). Insights into deltaic lobe-49
building have benefited from outcrop and experimental research, where multiple avul-50
sions can be examined (e.g., Mohrig et al. (2000); Hajek and Wolinsky (2012)). How-51
ever, outcrop studies of avulsions are subject to uncertainty around reconstructing rel-52
evant system characteristics, including river slope, regional geography, and the timing53
of events (Lynds et al., 2014; Sheets et al., 2002). Experimental studies document delta54
growth through many lobe building cycles, and are valuable because system boundary55
conditions are controlled (Whipple et al., 1998; Kim et al., 2006; Kim & Jerolmack, 2008;56
Hoyal & Sheets, 2009; Paola et al., 2009; Sheets et al., 2002; Reitz & Jerolmack, 2012;57
Ganti, Chadwick, Hassenruck-Gudipati, & Lamb, 2016; Ganti, Chadwick, Hassenruck-58
Gudipati, Fuller, & Lamb, 2016). Additionally, physically-based numerical models pro-59
vide the opportunity to assess system responses to changing boundary conditions over60
a range of spatiotemporal scales (Parker, Paola, Whipple, & Mohrig, 1998; Parker, Paola,61
Whipple, Mohrig, Toro-Escobar, et al., 1998; Paola, 2000; Sun et al., 2002; Parker, Muto,62
Akamatsu, Dietrich, & Lauer, 2008; Parker, Muto, Akamatsu, Dietrich, & Wesley Lauer,63
2008; Kim et al., 2009; Moran et al., 2017; K. M. Ratliff et al., 2018; Chadwick et al.,64
2019).65
The ability to predict when and where a natural lobe-switching avulsion will oc-66
cur is a major motivator for fluvial-deltaic research, because the unanticipated civil dis-67
ruption associated with flooding and channel relocation is at odds with society’s desire68
for landscape stability and continued socioeconomic use of deltaic landforms and chan-69
nels. Additionally, on highly anthropic deltas, river engineering such as upstream dams70
and flow diversions restrict flow pathways and collectively alter sediment delivery nec-71
essary to sustain deltas and coastlines (Nittrouer & Viparelli, 2014). Avulsion is thus72
a double-edged sword: engineering limits avulsion hazards, but also diminishes sediment73
supply and enhances land-loss; yet, allowing avulsions to occur naturally threatens the74
economic utility of deltas by causing the rapid displacement of the channel and land flood-75
ing. To both minimize the impact of flooding and ensure sediment delivery to the coast,76
engineered avulsions and diversions have been implemented to approximate natural delta77
development (van Gelder et al., 1994; Xu, 2003; Allison & Meselhe, 2010; Paola et al.,78
2011; Peyronnin et al., 2013; Yuill et al., 2016). Accurately assessing the spatiotempo-79
ral likelihood of natural avulsions could inform targeted engineering practices that seek80
to minimize flooding while maximizing sediment delivery to the coastline.81
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An important scaling metric in fluvial-deltaic systems is the extent of channel im-82
pacted by non-uniform flow, known as the backwater length Lb (e.g., Paola and Mohrig83
(1996)):84
Lb =
Hm
S0
, (1)85
where Hm is the flow depth at the channel outlet, and S0 is the reach-averaged chan-86
nel bed slope. Throughout this article an overline is used to denote a value calculated87
by a scaling metric (e.g., equation 1). In the backwater reach during low and moderate88
water discharge, a downstream deceleration of reach-average flow velocity results in a89
spatial divergence in sediment transport, and as a result the channel bed aggrades (Parker,90
2004; Snyder et al., 2006; Parker, Muto, Akamatsu, Dietrich, & Lauer, 2008; Parker, Muto,91
Akamatsu, Dietrich, & Wesley Lauer, 2008; Nittrouer et al., 2012). High water discharge92
events (i.e., floods) cause a downstream acceleration of flow velocity by hydrodynamic93
drawdown, which erodes the channel bed near the river mouth (Lamb et al., 2012). The94
net effect of the two conditions is to produce a preferred region of net bed aggradation95
(Chatanantavet et al., 2012; Chatanantavet & Lamb, 2014; Ganti, Chadwick, Hassenruck-96
Gudipati, Fuller, & Lamb, 2016; Ganti, Chadwick, Hassenruck-Gudipati, & Lamb, 2016;97
Chadwick et al., 2019), which raises river stage and in time superelevates the water sur-98
face above the floodplain. This produces a gravitational instability favoring an avulsion99
(Smith et al., 1989; Bryant et al., 1995; Mohrig et al., 2000; Slingerland & Smith, 2004;100
Edmonds et al., 2009). Indeed, numerous studies have demonstrated that the avulsion101
length (LA)—the distance from contemporaneous coastline to avulsion location—scales102
with the backwater length (Lb) (Jerolmack & Swenson, 2007; Chatanantavet et al., 2012;103
Ganti et al., 2014; Ganti, Chadwick, Hassenruck-Gudipati, Fuller, & Lamb, 2016; Ganti,104
Chadwick, Hassenruck-Gudipati, & Lamb, 2016; Zheng et al., 2019).105
The avulsion timescale (TA) is inversely related to the the rate of sediment aggra-106
dation on the channel bed va:107
TA =
βHbf
va
, (2)108
where Hbf is a characteristic channel bankfull flow depth, and β is a coefficient that varies109
between 0.3 and 1 on modern delta systems, but may be > 1 for fan-delta systems (To¨rnqvist,110
1994; Bryant et al., 1995; Heller & Paola, 1996; Mohrig et al., 2000; Martin et al., 2009;111
Ashworth et al., 2004; Stouthamer & Berendsen, 2001; Jain & Sinha, 2004; Jerolmack112
& Mohrig, 2007; Ganti et al., 2014; Ganti, Chadwick, Hassenruck-Gudipati, Fuller, &113
Lamb, 2016; Ganti, Chadwick, Hassenruck-Gudipati, & Lamb, 2016; Moran et al., 2017).114
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The time to avulsion is minimized in the backwater region because channel bed aggra-115
dation is enhanced here (equation 2) (Jerolmack & Swenson, 2007; Hoyal & Sheets, 2009;116
Jerolmack, 2009; Nittrouer et al., 2012; Chatanantavet et al., 2012; Lamb et al., 2012).117
An avulsion is also dependent on a “trigger” event, typically a flood, that produces a sus-118
tained levee breaching flow and initiates a new channel (Mohrig et al., 2000; Slingerland119
& Smith, 2004; Edmonds et al., 2009; Hajek & Wolinsky, 2012; Ganti, Chadwick, Hassenruck-120
Gudipati, & Lamb, 2016). Water flow through a crevasse can also reoccupy a relict chan-121
nel pathway, which may be a pre-existing low on the floodplain (Slingerland & Smith,122
2004; Edmonds et al., 2009; Reitz et al., 2010; Reitz & Jerolmack, 2012).123
Experimental and numerical studies indicate that subaqueous levee growth near124
the river outlet leads to channel extension (Rowland et al., 2009, 2010; Mariotti et al.,125
2013; Falcini et al., 2014; Chatanantavet & Lamb, 2014). While some previous model-126
ing research has included delta progradation using a downstream moving boundary con-127
dition, most models do not simulate channelization and lobe progradation (Parker, 2004;128
Parker, Muto, Akamatsu, Dietrich, & Wesley Lauer, 2008; Chatanantavet et al., 2012;129
Chatanantavet & Lamb, 2014). Furthermore, as a delta with similar sized lobes migrates130
basinward, it is predicted that the avulsion node should migrate basinward as well, be-131
cause the avulsion location is linked to the distance to the coastline (i.e., backwater length132
scaling; Jerolmack (2009); Ganti et al. (2014)). Basinward avulsion node migration is133
recognized in physical experiments (Ganti, Chadwick, Hassenruck-Gudipati, Fuller, &134
Lamb, 2016; Ganti, Chadwick, Hassenruck-Gudipati, & Lamb, 2016), but has been only135
minimally documented in numerical modeling (Chadwick et al., 2019). As such, the in-136
fluence of delta lobe progradation on avulsion timing and location remains unclear.137
Herein, a quasi-2D numerical model is developed to explicitly account for multi-138
ple lobe progradation and avulsion cycles, so as to mimic overall delta growth. The model139
is applied to the Yellow River delta (China) as a case study because this system is com-140
prised of lobes that scale with the estimated backwater length (L. Yu, 2002; Ganti et al.,141
2014), and because a comprehensive record of avulsions makes this system arguably the142
best lowland delta in the world to compare with numerical predictions. This study also143
serves to determine future avulsion location and timing for the Yellow River delta, and144
thus guide decisions about engineered diversions.145
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2 Yellow River fluvial-deltaic system146
The Yellow River drainage basin stretches across northern China, with water flow-147
ing primarily from west to east, draining an area of 752,000 km2 over a river length of148
5, 460 km, before entering the Bohai Sea (Figure 2a) (van Gelder et al., 1994; Ren & Walker,149
1998; Saito et al., 2000). A portion of the basin includes the Loess Plateau, an uncon-150
solidated sediment deposit 100s of meters thick comprised of very fine sand and silt (Saito151
et al., 2001; L. Yu, 2002; Ma et al., n.d.; Zhu et al., 2018). This material is readily eroded152
and contributes to the sediment discharge, which exceeds 1 Gt/yr (L. Yu, 2002). Sed-153
iment concentration in the Yellow River is one to two orders of magnitude higher than154
other large lowland rivers (e.g., Mississippi River and Amazon River) (Z.-Y. Wang & Liang,155
2000; L. Yu, 2002). As such the delta is dynamic (e.g., TA = 10
1 yr estimated from equa-156
tion 2, Jerolmack and Mohrig (2007)). For the lower 200 km of the Yellow River, flow157
depth is 2–6 m, and channel width is 300–500 m, with a mean value of approximately158
400 m. In-channel sedimentation has driven frequent lobe-switching channel avulsions159
and progradation into the Bohai Sea (van Gelder et al., 1994; Z.-Y. Wang & Liang, 2000).160
Since 1855, when the Yellow River avulsed to the north of the Shandong Penin-161
sula, multiple lobes have amalgamated to build a delta into the Bohai Sea, totaling an162
area approximately 6, 000 km2 (Figures 2a,b) (Xue, 1993; Pang & Si, 1979; van Gelder163
et al., 1994; L. Yu, 2002; Fan et al., 2006). The natural avulsion timescale of the Yel-164
low River delta prior to major engineering is TA,YR = 7 ± 2 yr (Ganti et al. (2014);165
Figure 3). The streamwise distance from the location of avulsions to the contempora-166
neous coastline for the period from 1889 to 1931 yields the avulsion length mean and stan-167
dard deviation LA,YR = 52.5 ± 12.3 km, which is consistent with the estimated back-168
water range of Lb = 21–54 km (Ganti et al., 2014). The avulsion location has stepped169
basinwards over time at a rate of 0.18–0.25 km/yr (Figure 2b, 3a, Ganti et al. (2014)).170
However, a decreasing trend in water discharge and ongoing river engineering in the past171
century has also contributed to downstream shifting of the avulsion location (H. Wang,172
Yang, Saito, et al., 2006; H. Wang et al., 2007; Liu et al., 2012; Ganti et al., 2014; Kong,173
Miao, Borthwick, et al., 2015). Discrepancy between data shown in this study, and that174
of Ganti et al. (2014) (Figure 3a), is due to georeferencing uncertainty, additional new175
data produced herein, and different regression approaches (Supplementary Material).176
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In 1976, the channel course of the Yellow River was changed through an engineered177
avulsion, which redirected the channel from the northern Diaokou course to the eastern178
Qingshuigou course (Figure 4a). The Qingshuigou pathway was maintained until 1996,179
when the the lower ∼20 km of the course was again diverted (L. Yu, 2002). Thus the180
Qingshuigou lobe history is an example of the deltaic lobe building process, and is the181
used to validate the model.182
3 Methods183
3.1 Measuring progradation of the Yellow River delta184
Satellite remote sensing data are used to document Yellow River delta and delta185
lobe progradation over the last ∼45 years (van Gelder et al., 1994; Xu, 2003; Chu et al.,186
2006; Fan et al., 2006; H. Wang, Yang, Li, & Jiang, 2006; J. Yu et al., 2011; Bi et al.,187
2014; Kong, Miao, Wu, et al., 2015; Kong, Miao, Borthwick, et al., 2015; Zhang et al.,188
2016; Zheng et al., 2017; Wu et al., 2017). Previous studies focused on the radially-averaged189
delta progradation rate, but a direct measure of lobe progradation rate is needed to val-190
idate the present numerical model. 80 cloud-free Landsat (1, 2, 3, 4, 5, 7, and 8) sen-191
sor measurements from 1973 to 1997 are collected for this study. The Landsat 1, 2, and192
3 MSS sensor Band 7 measurements (n = 31) are manually georeferenced and the coast-193
line is traced to ∼60 m accuracy. All other satellite measurements (from Landsat 4, 5,194
7, and 8; sensors TM/ETM/OLI+TIRS Band 7; n = 49) are processed by computer195
script to derive the coastline location (Supplementary Material). The 1855 and 1955196
mapped coastline positions (Figure 2b) are also georeferenced and traced. Uncertainty197
in coastline position arises due to georeferencing error and tidal stage at the time of im-198
age acquisition. For Landsat measurements, georeferencing error is small with respect199
to effects of periodic tidal stage; as such, uncertainty is assigned a conservative value of200
±3 km for these measurements (Supplementary Material). For historically mapped coast-201
lines, there is a greater potential for mapping error, map distortion effects, and georef-202
erencing errors to impact measurements; these coastlines are assigned an uncertainty value203
of ±15 km. The 82 coastline traces document progradation of the subaerial Qingshuigou204
deltaic lobe (Figure 4b).205
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3.2 Model design206
The numerical model developed herein is a combination of an existing one-dimensional207
(1D) numerical framework (e.g., Parker (2004); Snyder et al. (2006); Parker, Muto, Aka-208
matsu, Dietrich, and Lauer (2008); Parker, Muto, Akamatsu, Dietrich, and Wesley Lauer209
(2008); Chatanantavet et al. (2012); Moran et al. (2017)), and a two-dimensional (2D)210
delta growth model (e.g., Parker, Paola, Whipple, and Mohrig (1998); Parker, Paola, Whip-211
ple, Mohrig, Toro-Escobar, et al. (1998); Kim et al. (2009)) (Figure 5a,b). In the model,212
sediment transport and deposition are coupled to fluid flow through the normal flow and213
backwater regions, to evolve the channel bed in time in 1D. When a set of imposed avul-214
sion criteria are met within the 1D framework, mass is redistributed in a radially-symmetric215
2D delta framework to mime natural deltaic processes occurring over multiple avulsion216
cycles.217
Delta processes that occur over multiple lobe progradation and avulsion cycles are218
spatially and temporally averaged by the radially-symmetric delta formulation. Concep-219
tually, it is assumed that over a few avulsion cycles, fluvial processes will reach the en-220
tire delta topset surface (Sun et al., 2002; Ganti et al., 2014), a delta lobe will visit all221
locations along the delta coastline (Ganti, Chadwick, Hassenruck-Gudipati, & Lamb, 2016)222
and be reworked by coastal processes following abandonment. In this way, the model re-223
produces the long-term behavior of a prograding and aggrading delta. This radially-symmetric224
formulation does not require specifying the location of the river channel or delta lobes225
in the 2D framework, the number of delta lobes (Chadwick et al., 2019), or rates of coastal226
reworking (K. Ratliff, 2017; K. M. Ratliff et al., 2018). Overall, the model is most sim-227
ilar to Chadwick et al. (2019), but applies a different downstream boundary condition228
for lobe progradation, maintains a different formulation that accounts for multiple avul-229
sion cycles, and emulates processes reworking a delta lobe upon abandonment (as op-230
posed to stasis (Chadwick et al., 2019)).231
The principles of fluid mass and momentum conservation are used to calculate changes232
in flow depth (H) from the receiving basin, through the backwater region, and into the233
normal flow region upstream for a depth-averaged, gradually varied flow in the stream-234
wise direction (x) for a given volumetric water discharge (Qw):235
dH
dx
=
S − CfFr2
(1− Fr2) +
Fr2
(1− Fr2)
H
B
dB
dx
, (3)236
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where Cf = 0.001 is the dimensionless coefficient of friction for the Yellow River (Ma237
et al., n.d.), Fr2 = Q2w/gB
2H3 is the Froude number for a rectangular channel, g is238
the gravitational acceleration constant, and B is the width of the flow, set by the chan-239
nel width Bc in the confined fluvial portion of the model domain, and increasing by dB/dx = 2 tan θ,240
where θ = 5◦ for the geometric approximation of a spreading plume beyond the river241
mouth, as measured relative to the flow centerline (Supplementary Material Lamb et al.242
(2012); Chatanantavet et al. (2012)). A spreading plume abruptly increases the cross sec-243
tional area of the flow beyond the river mouth such that the water surface elevation at244
the river mouth is relatively fixed regardless of the river discharge (e.g., Rajaratnam (1976);245
Rowland et al. (2009); Lamb et al. (2012); Chatanantavet et al. (2012)).246
The sediment transport per-unit-flow width (qs) is calculated by:247
qs =
√
RgD350
α
Cf
τn∗ , (4)248
where R is the submerged specific gravity of sediment, D50 = 90 µm is the median grain249
diameter of the bed-material (Ma et al., n.d.), τ∗ = CfU2/RgD50 is the Shields num-250
ber, and α = 0.895 and n = 1.678 are adjusted coefficients to the generalized form of251
the Engelund and Hansen (1967) equation fit for the lower Yellow River at the Lijin Hy-252
drological Station (Figure 2a) (Ma et al., n.d.). Sediment transport is assumed to reach253
transport capacity and equilibrium (An et al., 2018), and comprises total bed-material254
load (i.e., washload is not modeled). The upstream model boundary is assumed to be255
at steady state such that the channel bed elevation is approximately fixed.256
The long-term bed evolution is modeled using a simplified equation for sediment257
mass conservation (Swenson et al., 2000; Paola & Voller, 2005; Garc´ıa, 2008):258
(1− λp)∂η
∂t
= −∂Qs
∂x
1
Be
, (5)259
where η is the channel bed elevation, t is time, λp = 0.4 is the channel-bed porosity,260
Qs = qsBc is the sediment flux over the flow width, and Be is the effective width of sed-261
iment deposition (Chatanantavet & Lamb, 2014), defined by a piecewise function rep-262
resenting the combined widths of the channel (Bc), floodplain (Bf ), and/or delta-lobe263
(Bo) that is determined as follows:264
Be(x) =

Bc +Bf : x ≤ r
Bc +Bo : r < x ≤ m
Bc : x > m
, (6)265
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where r denotes the edge of the delta topset and m is the mouth position at the end of266
the lobe. In this way, levee development is approximated by an area the width of Bf ag-267
grading in-step with the channel bed. Values for depositional widths (Bc = 0.4 km, Bf =268
4 km, Bo = 9 km) are measured from satellite for the Yellow River delta system (Sup-269
plementary Material).270
The initial channel bed slope is set as a constant value (S0 = 6.4×10−5), deter-271
mined by water surface elevation measurements in the normal flow reach (Supplemen-272
tary Material); this value is consistent with other slopes reported for the Yellow River273
(Chunhong et al., 2005; Ganti et al., 2014). Subsidence for the lower Yellow River delta274
is rapid and spatially variable due to ground-fluid extraction (5–10 mm/yr, (Higgins et275
al., 2013)); model subsidence is conservatively parameterized as a spatially constant rate276
of 5 mm/yr. The slope of the receiving basin serves as a downstream boundary condi-277
tion for a prograding lobe; in the model, the Bohai Sea slope is set to an order of mag-278
nitude lower than the channel (6.4×10−6) for depths greater than 18 m (L. Yu, 2002;279
H. Wang, Yang, Li, & Jiang, 2006).280
At the onset, the model is configured such that the initial delta arclength (i.e., radially-281
symmetric coastline length) is 80 km over the delta opening angle Γ = 90◦, approxi-282
mately the Yellow River delta coastline length as measured in 1855 at the initiation of283
the Yellow River delta at its present location (Figure 2b, Figure 5b, van Gelder et al.284
(1994)). The delta topset initially has a constant slope, equal to the channel bed slope.285
Initial flow depth at the mouth (Hm) is equal to the bankfull flow depth Hbf = 4.5 m,286
which is calculated for a bankfull discharge of Qw,bf = 3000 m
3/s (Z.-Y. Wang & Liang,287
2000; Zheng et al., 2017). The model uses a grid spacing of 0.6 km over a 400 km do-288
main and variable timestepping routine to maximize computational efficiency and nu-289
merical stability; the range of timesteps is approximately ten seconds to one quarter of290
a day. The model evolves repeatedly (solving Equations 3–5) and updates the channel291
bed profile.292
Daily variations in water discharge are important for modeling the Yellow River293
system because the small bed-material grain size (D50 = 90 µm) and minimal chan-294
nel form drag (Ma et al., n.d.) enhance sediment transport such that geomorphically sig-295
nificant changes occur even for low discharges (Ma et al., n.d.). Water discharge data296
from the Lijin Hydrological Station (river kilometer 100, as measured upstream from the297
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river mouth) are used as a boundary condition. Three water discharge inputs are designed298
for the model. A dataset of daily-averaged discharges from 1976 to 1996 is used to sim-299
ulate lobe growth for testing the model by comparing to the development of the Qing-300
shuigou lobe (Figure 6a). Another water discharge dataset is produced by averaging daily301
measurements from a single calendar day of all years from 1950 to 2000 (Figure 6b); for302
example, all measurements from January 1 are averaged to produce the first value in the303
365-day timeseries. With this calendar-mean input, bankfull discharge (Qw,bf = 3000 m
3/s)304
is nearly reached each year, while for the remainder of the year the river experiences lower305
flows, averaging ∼400 m3/s. The calendar-mean input approximates the water discharge306
distribution for the Yellow River delta, and is used to simulate delta evolution into the307
future under similar conditions. A third dataset uses flooding discharge as an input pa-308
rameter while holding the duration of the flood fixed (Figure 6c); this artificial discharge309
timeseries is designed to be similar to the calendar-mean discharge curve, but allows for310
the exploration of the effects of low-to-flood-flow disparity. To this end, the low-flow pe-311
riods of the input timeseries have a constant discharge (400 m3/s) and a flood discharge312
that varies in magnitude with respect to a bankfull discharge (Qw,artifical flood = 500313
to 3000 m3/s).314
The location of the river mouth is initially imposed where the delta topset inter-315
sects sea level (i.e., the extent of the subaerial delta). During model simulation, the lo-316
cation of the channel mouth is determined to be the most basinward location where the317
channel bed has aggraded such that the flow depth is less than the formative discharge318
depth (Hform). Thus, flow in the spreading plume beyond the river mouth converts into319
channelized flow as the mouth and lobe prograde (i.e., equation 6, Figure 5a,b). The treat-320
ment of lobe progradation is similar to Chadwick et al. (2019), and is different from pre-321
vious work that uses a moving boundary formulation for the foreset wedge and fixes the322
location of plume spreading (Chatanantavet et al., 2012; Chatanantavet & Lamb, 2014).323
The formative discharge of the lower Yellow River is determined to be 1300±100 m3/s,324
based on the discharge with maximum geomorphic work potential, which is defined by325
the product of the frequency of flood recurrence and magnitude of associated sediment326
transport (e.g., Wolman and Miller (1960); Jerolmack and Brzinski (2010), see Supple-327
mentary Material); the formative depth is calculated to be Hform = 2.6 m. Thus, the328
flow depth at the mouth for most of the model run time is equal to the formative flow329
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depth (Hm ≈ Hform). Following a change in the mouth location, the channel and ef-330
fective depositional widths (Bc and Be) are updated appropriately.331
An avulsion occurs in the model when sediment aggradation on the channel bed332
elevates the bankfull water surface (η +Hbf ) to a critical height (Mohrig et al., 2000;333
Jerolmack & Mohrig, 2007; Ganti et al., 2014; Ganti, Chadwick, Hassenruck-Gudipati,334
Fuller, & Lamb, 2016; Ganti, Chadwick, Hassenruck-Gudipati, & Lamb, 2016; Moran335
et al., 2017; K. M. Ratliff et al., 2018; Chadwick et al., 2019). This aggradation creates336
channel instability by superelevation (∆Z), which is calculated at each model node as337
the difference between the elevation of the radially-symmetric delta topset (Z) and the338
channel bed elevation:339
∆Z(x) = η(x) +Hbf − Z(x). (7)340
This is equivalent to comparing the levee height to the average floodplain height, or to341
other channel pathways on the floodplain, as it is assumed that levees grow in-step with342
the channel bed (e.g., K. M. Ratliff et al. (2018); Chadwick et al. (2019)). When the su-343
perelevation metric exceeds the critical aggradation threshold for avulsion (∆Z > βHbf ,344
equation 2), the avulsion setup threshold is reached. An avulsion must occur within the345
domain of the radially-symmetric delta (as opposed to the delta lobe), thus ensuring a346
lobe switching event. Finally, only one avulsion is permitted per flooding cycle; this re-347
striction is necessary because the avulsion is executed instantaneously in model time and348
prevents multiple avulsions in a single flood event. If all of these three conditions are sat-349
isfied, then an avulsion is triggered at the appropriate spatial x-coordinate at time t.350
When an avulsion is triggered, the volume of sediment deposited within the lobe351
portion of the model domain is distributed along the entire delta coastline, thus prograd-352
ing the delta (Figure 5d); the increase in delta radius is calculated according to mass con-353
servation, and is a function of the lobe volume, basin depth, and coastline length at the354
time of avulsion (Supplementary Material). To aggrade the delta system before avulsion355
cycle n+1, where n+1 is the cycle following the nth avulsion cycle, the sediment de-356
posited within the model floodplain at each x-coordinate (i.e., equations 5–6) during cy-357
cle n, is redistributed axisymmetrically across the delta topset over an annulus area A(x).358
The updated topset elevation is calculated for each x-coordinate (Figure 5d):359
Zn+1(x) = Zn(x) +
∆ηn(x) ∆x Bf
A(x)
, (8)360
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where ∆ηn is the change in bed elevation during avulsion cycle n, ∆x is the x-coordinate361
grid spacing, and A = pi/Γrad((L+∆x/2)
2−(L−∆x/2)2) is the area of an annulus at362
each x-coordinate, where Γrad is the delta opening angle in units of radians, and L is the363
x-coordinate distance from the delta apex. This method of redistributing lobe and flood-364
plain sediment averages deltaic processes occurring over multiple lobe progradation and365
avulsion cycles. The formulation assumes that 1) deposition covers the entire delta topset366
and delta front after a few avulsion cycles (i.e., channels and lobes), and 2) physical pro-367
cesses reworking the deltaic deposits (e.g., waves, channel lateral migration) effectively368
redistribute sediment across the delta surface and front (Chu et al., 2006; Reitz & Jerol-369
mack, 2012; Anthony, 2015; Ganti, Chadwick, Hassenruck-Gudipati, & Lamb, 2016). Un-370
der these assumptions, the radially-symmetric formulation approximates the develop-371
ment of delta over multiple avulsion cycles, and assumes that the resurfacing is uniform372
and no sediment is lost from the delta. This treatment of delta growth occurs instan-373
taneously during the modeled avulsions, so development of the quasi-2D deltaic system374
is due exclusively to floodplain and lobe sediment redistribution.375
An avulsion marks the initiation of a new channel, which requires updating the bed376
to a new profile. Downstream of the avulsion location and extending to the delta coast-377
line, the new channel bed is set to be one bankfull flow depth below the delta topset (Mohrig378
et al., 2000; Hajek & Edmonds, 2014); beyond the radially-symmetric delta coastline the379
bed is reset to the initial basin elevation (Figure 5c). Upstream of the avulsion location380
the bed remains unchanged, which creates a step in the bed-elevation profile. A linear381
interpolation across 21 model nodes centered at the avulsion location (∼7 km in each382
direction) smooths the step in bed elevation (Ganti et al., 2019), and is necessary for nu-383
merical stability.384
To test the model, several runs are performed with variable boundary conditions.385
First, a validation run is conducted to compare model predictions to recorded lobe growth386
from the Qingshuigou lobe. The model is then run over multiple lobe-building cycles to387
evaluate the controls on channel-bed aggradation patterns that set up avulsion timing388
and location. Specifically, model runs vary the superelevation avulsion setup threshold389
and the low-to-flood flow disparity, because these factors have been shown to impact the390
timing and location of avulsions (K. Ratliff, 2017; K. M. Ratliff et al., 2018; Chadwick391
et al., 2019).392
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4 Results393
4.1 Measured Yellow River delta progradation394
Yellow River delta progradation during the period from 1976 to 1996 (Qingshuigou395
lobe) is well-constrained based on satellite measurements. The 82 coastline positions are396
processed to derive a mean radius of the coastline over the imposed 90◦ range of the delta397
extent (Figure 7a, also displayed in Figure 3). The average deltaic radius increases through398
time; the data spanning from 1855 to the 1996 avulsion (n = 81) are fit with a linear399
regression, yielding a delta progradation rate of 0.26±0.02 km/yr (Figure 7a). This re-400
gression is strongly influenced by the historically mapped delta coastlines; excluding these401
from the regression yields an estimated rate of 0.13±0.03 km/yr, which may be related402
to the installation of reservoir structures along the Yellow River course (H. Wang et al.,403
2010; S. Wang et al., 2015).404
The Qingshuigou lobe growth is measured by tracking the intersection of a coast-405
line and the channel centerline during during lobe growth (Figure 4b, black line) (Fig-406
ure 7b). This dataset covers the time period of growth from 1976 to 1996 (i.e., the du-407
ration of Qingshuigou lobe growth, n = 75) and yields a best-fit line with an average408
lobe growth rate of 1.43 ± 0.06 km/yr for a total lobe length of ∼30 km (Figure 7b).409
This regression is a measure of the rate of linear lobe progradation. Numerous other au-410
thors have reported rates of Yellow River delta and delta-lobe growth which generally411
agree with these findings (Table 1).412
4.2 Model Results413
4.2.1 Lobe progradation validation414
The measured water discharge curve (Figure 6a) and the model parameterizations415
(Table 2) are used to simulate lobe growth over 21 years, thus replicating the time for416
the Qingshuigou lobe development (Figure 8). Over this period, the channel bed aggrades417
unevenly, and the locus of sedimentation occurs within the backwater region (Figure 8a).418
Initially, channel bed deposition is focused near the channel mouth, in the form of a ver-419
tically aggrading mouth bar. After a ∼2 year period of no lobe progradation while the420
mouth bar aggrades, the delta mouth and lobe prograde unsteadily for 26 km (Figure421
8). This yields an an annualized rate of 1.24 km/yr (Figure 8b), and regression to the422
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mouth position over time yields a rate of 1.14 km/yr (not plotted). A regression of the423
lobe position through time after the ∼2 year period (i.e., when the model is not sensi-424
tive to the initial conditions) yields a rate of 0.94 km/yr (Figure 8b). These rates com-425
pare well with satellite observations (Figure 7b), which show an average mouth progra-426
dation rate of 1.43± 0.06 km/yr.427
The timing of the peak discharge from each year is extracted from Figure 6a and428
plotted as horizontal dashed lines in Figure 8b. Notably, pulses of mouth progradation429
coincide with the peak discharge of a year’s flood, however, not every flood produces a430
pulse of mouth progradation. At the end of the model run, approximately 46% of the431
total sediment volume deposited in the model domain is part of the deltaic lobe, which432
is defined to include sediment deposited overbank in the lobe and in the channel bed of433
the lobe (i.e., Bc+Bo). When this depositional volume is normalized to account for the434
proportionately short length of the delta lobe with respect to the upstream channel length,435
88% of sediment per-unit-length is deposited in the lobe (Figure 8c), with the remain-436
ing 12% of sediment resulting in channel and floodplain aggradation in the radially-symmetric437
delta topset.438
Deposited sediment volumes are calculated for discrete discharge bins over the du-439
ration of the validation run, deposition in the delta is separated from deposition in the440
lobe (i.e., exclusive of one another), and the volume in each bin is normalized to the cu-441
mulative input sediment flux for that discharge bin. Thus, comparing the fractions de-442
posited in each model region for a discharge bin indicates where most of the deposition443
occurs for a given water discharge range. Discharges above ∼2000 m3/s are dominated444
by deposition in the delta lobe (red line, Figure 8c). Additionally, more sediment is de-445
posited in the delta lobe for discharges above ∼3500 m3/s than is input for the same time,446
indicating erosion of the channel bed and deposition of the sediment in the delta lobe.447
The input water discharge curve exceeds 2000 m3/s for only ∼10% of the duration448
of the model run, yielding sediment deposition in the upstream channel and floodplain449
for a majority of the time and in the delta lobe for a small fraction of time. Nonlinear-450
ity in water discharge to sediment flux relationships (e.g., equation 4) means that though451
discharges ≥ 2000 m3/s make up only 10% of duration of the run, ∼42% of total sed-452
iment input to the model domain is from this period. However, ∼88% (per-unit-length)453
of the total sediment is eventually deposited in the delta lobe (Figure 8). This mass bal-454
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ance accounting demonstrates that sediment is eroded from the channel bed during the455
largest floods in the simulation and redeposited in the delta lobe, despite the markedly456
short duration of these flood events.457
4.2.2 Channel bed aggradation patterns over multiple avulsion cycles458
The following model runs explore controls on channel bed sedimentation and deltaic459
lobe evolution patterns over multiple avulsion cycles; the model is evolved for 24 avul-460
sion cycles (i.e., a sufficient number to characterize model behavior), and the three-avulsion-461
cycle spin-up period at the start of the run is discarded (Chadwick et al., 2019). The avul-462
sion timing (TA), avulsion length (LA), and lobe length at time of avulsion (LL) are as-463
sessed by mean and standard deviation values.464
Figure 9 shows results of a baseline long-term model run, which is useful to demon-465
strate how the model simulates delta evolution over multiple avulsion cycles, examine466
dynamic patterns of erosion and deposition within an avulsion cycle, and compare to other467
model runs and the historical record of Yellow River delta development. Water discharge468
repeats using the calendar-day average timeseries (Figure 6b), the avulsion setup thresh-469
old is 0.5Hbf , and the remaining parameters are shown in Table 2. The avulsion time470
and length, and lobe length at the time of avulsion, are shown in Figures 9d–f. After three471
lobe cycles (a model spin-up period), the time between avulsions and the lobe length vary472
about a mean value (Figure 9c). Each lobe cycle begins with a brief period during which473
a mouth bar aggrades before the lobe progrades (similar to Figure 8).474
Over the duration of the model run, the delta system coastline has prograded ap-475
proximately 40 km (Figure 9a), and the channel bed and delta topset have aggraded 2–476
3 m near the initial coastline position. The predicted avulsion length is LA = 51.6 ±477
17.3 km (mean ± standard deviation) measured upstream from the channel mouth, which478
is 1.3Lb; for all model runs the backwater length-scale is calculated from equation 1 us-479
ing the formative discharge flow depth and initial channel bed slope (Lb = (Hform/S) =480
(2.6 m/6.4×10−5) ≈ 40 km). At the end of the model run, the channel bed long pro-481
file is convex-up, a marker of avulsion setup due to hydrodynamic drawdown and vari-482
able water discharge (Chadwick et al., 2019). The predicted time between avulsions is483
TA = 21.8± 3.3 yr. Lobe length at the time of avulsion is LL = 25.6± 3 km (0.6Lb).484
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The location of avulsion is shown in Figure 9c, where a periodic forward stepping485
of the node through time is apparent. The forward stepping predicted by a linear best-486
fit is 0.06 km/yr. Over the duration of the model run, the rate of radial delta system ex-487
pansion slows; it is expected that the delta radius r scales with the square root of time488
t (r ≈ t1/2, Swenson et al. (2000); Reitz et al. (2010); Carlson et al. (2018)). However,489
the modeled radial growth rate is not better explained by a power-law regression than490
a linear regression, which is simpler and offers a direct comparison with the record of Yel-491
low River delta growth. The linear regression of delta system radial growth is 0.07 km/yr492
(Figure 9c), though it is worth noting that the rate exceeds 0.1 km/yr during early model493
development.494
4.2.3 Variable water discharge and avulsion setup495
Complementary to previous studies that indicate that the avulsion location is im-496
pacted by variable water discharge (Lamb et al., 2012; Chatanantavet et al., 2012; Chatanan-497
tavet & Lamb, 2014; Ganti, Chadwick, Hassenruck-Gudipati, Fuller, & Lamb, 2016; Ganti,498
Chadwick, Hassenruck-Gudipati, & Lamb, 2016), herein the downstream translation of499
the backwater region as a result of lobe progradation is explored to assess the impact500
on avulsion setup. Figure 10 explores the setup to the 15th avulsion (i.e., the 15th avul-501
sion cycle) in the model run depicted in Figure 9, which is selected as a characteristic502
avulsion cycle (TA = 21 yr, LA = 49 km or 1.2Lb, LL = 23 km or 0.6Lb). Figure 10a503
shows spatiotemporal changes in erosion and deposition through the avulsion cycle, and504
Figure 10d, c, and b examine morphodynamics during flood and subsequent low-flow cy-505
cles #6, #12, and #18, respectively (marked by brackets in Figure 10a).506
At the onset of the avulsion cycle, the channel bed just upstream of the recent avul-507
sion location is significantly eroded, and this sediment is deposited along the length of508
channel that has just been cut, downstream of the avulsion and to the mouth bar (Fig-509
ure 10a). After about four flood cycles, the model oscillates between periods of erosion510
and deposition along most of the channel length, driving transient bed reworking in the511
backwater zone. For the remainder of the the avulsion cycle, the locations of maximum512
sediment erosion and deposition are approximately 60 km upstream of the channel mouth,513
and gradually translate downstream as the delta lobe progrades. Furthermore, the lo-514
cation of maximum bed deposition is near the upstream extent of the backwater region515
throughout the avulsion cycle (Figure 10b–d). At the end of this cycle, an avulsion oc-516
–17–©2019 American Geophysical Union. All rights reserved. 
manuscript submitted to JGR: Earth Surface
curs just upstream of the backwater region (LA ≈ 1.0Lb), where superelevation is max-517
imized due to a net aggrading channel bed (e.g., Chadwick et al. (2019)).518
4.2.4 Avulsion time and length scale controls519
The avulsion setup threshold is varied over ten model runs (Figure 11a–c), because520
this condition has been shown to impact the location of deltaic avulsions (K. Ratliff, 2017).521
The avulsion time, avulsion length, and lobe length all increase nonlinearly with increas-522
ing setup threshold. The avulsion time (Figure 11a) increases from approximately one523
year for the smallest setup thresholds, and tapers off to 60 yr for a setup threshold of524
1.0Hbf . Avulsion length (Figure 11b) is approximately 0.5Lb for avulsion setup thresh-525
olds less than 0.4Hbf , above which the avulsion length increases with the setup thresh-526
old and produces avulsions at 3.0Lb for a setup threshold of a full bankfull flow depth527
(1.0Hbf ). Lobe length (Figure 11c) behaves similarly to the avulsion length, increasing528
from zero length (i.e., no lobes developed) to lobes that are approximately as long as the529
backwater length scale (1.0Lb). For a setup threshold of 0.4Hbf , the model predicts a530
lobe length of 0.5Lb, and avulsions occurring at roughly the backwater length (Figure531
11b–c).532
The magnitude of the flood in the artificial water discharge input (Figure 6c) is var-533
ied for six model runs, and the avulsion setup condition is held fixed at 0.5Hbf for all534
runs. These runs explore a similar condition to model runs by Chadwick et al. (2019),535
and examine the impact of variable water discharge on lobe progradation and avulsion536
timing and location. Bankfull discharge is Qw,bf = 3000 m
3/s (Z.-Y. Wang & Liang,537
2000; Zheng et al., 2017), and so these runs explore a flooding discharge that ranges from538
500 m3/s ( Qw,bf ) to 5000 m3/s ( Qw,bf ); the low-flow duration of each artificial539
discharge input is 400 m3/s. The outcome shows variable avulsion times, increasing abruptly540
from less than 10 yr for artificial flood discharges ≤1000 m3/s (< 0.5Qw,bf , Figure 6c)541
to ∼30 yr for a flood discharge of 5000 m3/s (Figure 11d). Similarly, the avulsion length542
for artificial flood discharges ≤1000 m3/s is approximately 0.25Lb, and increases by an543
order of magnitude (to 2.5Lb) for a ∼3× increase in flood discharge (Figure 11e). The544
lobe length trend resembles the avulsion length pattern; it is zero for artificial flood dis-545
charges ≤1000 m3/s, and increases linearly for ever increasing flood discharges (Figure546
11f).547
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Avulsion time and length heatmaps are produced by running the model over a range548
of avulsion setup threshold and flood discharge pairs, ranging from setup = 0.2 to 0.6Hbf ,549
and flood discharge = calendar-mean input and 2000 to 3500 m3/s (Figure 12). The mean550
time and length of avulsions following the model spin-up period are used characterize551
avulsions for each setup-discharge pair. In gross, the avulsion time metric is largely con-552
trolled by the setup threshold, but the avulsion length metric is more evenly influenced553
by the combination of setup condition and flood discharge. Similar to the model runs554
varying the setup condition, an increase in setup threshold results in a nonlinear increase555
in both the avulsion time and length (Figure 12).556
The predicted avulsion time and length for each condition pair are compared to557
the mean values tabulated for the Yellow River delta (TA,YR = 7± 2 yr and LA,YR =558
52.5±12.3 km). The mean, standard deviation, and range of the Yellow River delta are559
denoted by the gray contours (Figure 12). The contours run on an angle across the heatmaps,560
such that there are multiple setup-and-discharge pairs which produce avulsion times and561
lengths that are consistent with observations. However, the areas covered by the range562
of the data are nearly mutually exclusive, overlapping only for a setup conditions of 0.2–563
0.3Hbf paired with flood discharges 3000–3500 m
3/s.564
5 Discussion565
5.1 Lobe progradation validation566
The validation run (Figure 8) demonstrates that the model produces values of lobe567
progradation (0.94 km/yr, 1.24 km/yr annualized) that are consistent with measurements568
of the Qingshuigou lobe (1.43±0.06 km/yr, Figure 7). One particularly important model569
input is the delta lobe width, because the lobe progradation rate scales with the quo-570
tient of sediment volume input to the lobe and the average lobe cross-sectional area (i.e.,571
average width times depth). The volume of sediment input is determined by hydraulics572
and a sediment transport prediction that is derived independently of lobe progradation573
observations (i.e., equations 3–4). Despite uncertainty in values of sediment flux and basin574
depth, the model outcome using a single lobe width is effective to produce measured rates575
of delta lobe progradation. Potentially, relaxing the model assumption that washload (i.e.,576
mud) does not contribute to lobe progradation might improve the predicted prograda-577
tion rate. Note that in the measured record of lobe growth (Figure 7b), the Qingshuigou578
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lobe immediately progrades with the avulsion in 1976. The brief spin-up period in the579
model occurs because deposition initiates on an approximately planar channel bed, and580
the mouth bar must aggrade before lobe progradation begins. This explains why the lobe581
progradation rate obtained by regression (0.94 km/yr) is slower than the measured rate.582
While the model under-predicts the rate and timing of lobe progradation, the model cap-583
tures the integrated progradation rate (i.e., annualized, 1.24 km/yr).584
In the validation run, the model predicts that the lobe progrades almost exclusively585
during floods (Figure 8b), because during these events, sediment deposition is primar-586
ily in the delta lobe and mouth bar (Figure 8c). The measured record of Qingshuigou587
lobe growth (Figure 7b) lacks the resolution to identify pulses of lobe progradation, mak-588
ing a high-resolution temporal comparison impossible. Although, a few satellite measure-589
ments record the lobe located well beyond the position predicted by the average mea-590
sured growth rate, corresponding to years with historically large floods (e.g., 1983–1986,591
Figure 6), which could indicate pulses of lobe progradation coinciding with river flood592
events. Additionally, the deltaic lobe deposits have a pronounced mouth bar and steep593
foreset, consistent with the morphology of the modern Yellow River delta (Fan et al., 2006;594
Wu et al., 2015; Y. Wang et al., 2016; Zheng et al., 2019).595
Approximately 90% of the input discharge curve is below 2000 m3/s, when sedi-596
ment deposition is dominantly upstream of the lobe, yet, roughly 88% of sediment per597
unit length is deposited in the delta lobe. This implies that sediment is intermittently598
stored in the channel during low flow conditions, and eroded with ensuing large floods,599
at which time sediment is relocated to the foreset (Chatanantavet & Lamb, 2014). In-600
deed, a large volume of sediment is redistributed to the delta lobe during floods, as is601
indicated by more sediment deposited in the lobe during a flood than is input to the model,602
a condition that requires supply from the eroded channel bed (Figure 8). Thus, hydro-603
dynamic drawdown causes significant morphological change of the channel bed and delta604
system.605
5.2 Spatially and temporally averaged avulsion cycle dynamics606
The radially-symmetric delta formulation assumes that processes occurring over607
multiple avulsion cycles can be spatially and temporally averaged, which is different from608
other models simulating lobe-building and avulsion cycles (K. Ratliff, 2017; K. M. Ratliff609
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et al., 2018; Chadwick et al., 2019). To test this assumption, the long-term baseline model610
run (Figure 9) is compared to the measured record of Yellow River delta development611
in Figure 3. The measured Yellow River delta coastline progradation rate for the last612
150 yr (0.26 km/yr) compares to the modeled rate early in the run (> 0.1 km/yr, Fig-613
ure 9c), Additionally, the mean avulsion length corresponds with the backwater length614
scale (LA = 51.6 ± 17.3 ≈ Lb = 40 km), and the mean avulsion timescale is within615
a factor of three of the measured avulsion timescale (TA = 21.8± 3.3 yr and TA,YR =616
7±2 yr). The modeled avulsion node forward-stepping and coastline progradation rates617
are sub-parallel, supporting the notion that forward-stepping of the avulsion location is618
linked with the coastline position (Jerolmack, 2009; Ganti et al., 2014; Ganti, Chadwick,619
Hassenruck-Gudipati, Fuller, & Lamb, 2016; Ganti, Chadwick, Hassenruck-Gudipati, &620
Lamb, 2016). The mismatch in coastline progradation and node forward-stepping rates621
is likely related to uncertainty in initial model configuration: the regional slope of the622
Yellow River delta could be up to a factor of two higher (Chunhong et al., 2005; Ganti623
et al., 2014), which potentially changes an important model boundary condition. An in-624
creased slope would lead to larger sediment flux reaching the delta and enhanced progra-625
dation; however, increasing slope would also modulate the basin depth that the lobe pro-626
grades into, which would lead to complex lobe and delta dynamics (Carlson et al., 2018).627
Regardless, the correspondence between model predictions and the Yellow River delta628
record suggests that over many avulsion cycles, spatial and temporal averaging of delta629
processes is justified.630
At shorter time and space scales, the radially-averaged formulation is susceptible631
to the effects of model initial conditions. In the baseline model run, the first few avul-632
sions occur at the initial delta coastline (Figure 9c), where there is a slope-break in the633
radially-symmetric delta that persists until the topography is smoothed by the redistri-634
bution of floodplain material across the topset. Chadwick et al. (2019) observed that de-635
veloping a more natural superelevation reference profile after multiple avulsion cycles elim-636
inates geometric artifacts and these “geometric avulsions” that persist from the initial637
floodplain topography.638
The radially-symmetric delta formulation is unable to smooth the initial slope-break639
without sediment redistributed to aggrade the topset. For example, in the model runs640
where the water discharge disparity is low (i.e., Qw,flood ≤ 1000, Figure 11d–f), sedi-641
ment deposits within the delta backwater region rather than lobe, stymieing lobe progra-642
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dation, and causing an avulsion relatively rapidly that is located near the initial delta643
coastline (i.e., a geometric avulsion). Topset aggradation depends on the redistribution644
of floodplain sediment, hence, the small volume of sediment deposited during this rel-645
atively brief avulsion cycle yields little topset aggradation and the model initial condi-646
tions persist, priming yet another avulsion at the same location. A benefit of the Chadwick647
et al. (2019) model is that the initial topographic slope-break is always smoothed after648
four avulsion cycles; in this way, the reference profile and channel bed aggradation are649
locked in-step. In the present model, fixing the sediment redistribution area A as func-650
tion of distance from the delta apex L (equation 8), yields a formulation very similar to651
Chadwick et al. (2019).652
The radially-symmetric delta system maintains a slope roughly parallel to the chan-653
nel bed (Figure 9a). It might be intuited that the downstream increase in annulus area654
over which sediment is redistributed would steepen the slope over time, because sediment655
spread over a smaller area (upstream) aggrades faster. This would be true, if channel656
bed and floodplain aggradation during an avulsion cycle (i.e., ∆η, equation 8) were con-657
stant along the channel. However, the channel and floodplain aggrade more rapidly in658
the backwater region and downstream reaches of the channel, which overpowers the down-659
stream increase in redistribution area A, and the radially-symmetric delta topset auto-660
genically maintains a slope similar to the channel bed. The downstream increase in A661
may not be compensated by a downstream increase in aggradation in all real-world delta662
systems though, and there may be cases where the delta system steepens in time.663
The forward-stepping of the avulsion location through time is not monotonous; there664
is a superimposed cycle of intermittent back-stepping (Figure 9c) due to the radially-665
symmetric delta formulation. Locations along the channel that receive proportionally666
more sediment during the avulsion cycle redistribute more material, and so the topset667
aggrades faster. Most sediment over an avulsion cycle is deposited downstream of the668
previous avulsion location, and so the topset aggrades faster there, raising the elevation669
to attain critical superelevation, and subsequent avulsions move upstream to where there670
has been slower topset aggradation and less aggradation is required to produce sufficient671
superelevation. When all upstream topset locations aggrade, the avulsion node jumps672
forward, and the back-stepping cycle repeats. This intermittent back-stepping behav-673
ior is consistent with a theory of delta evolution and scaling: Ganti et al. (2014) suggest674
that if the scale of lobe length approaches the backwater length scale, the avulsion node675
–22–©2019 American Geophysical Union. All rights reserved. 
manuscript submitted to JGR: Earth Surface
episodically steps forward, interspaced with times when the avulsion node is relatively676
stationary and the avulsion length varies around a mean value. In this perspective, the677
modeled intermittent avulsion location back-stepping represents the period of relative678
stationarity of the avulsion node. An alternative formulation that prevents back-stepping679
would be to aggrade the entire topset area evenly with each avulsion; however, this lim-680
its the development of autogenic topographic grading of the delta topset that is neces-681
sary for a backwater-mediated avulsion node (Chadwick et al., 2019).682
5.3 Controls on avulsion setup and timing683
Previous research into the factors controlling deltaic avulsion setup has considered684
only a single avulsion cycle (e.g., Chatanantavet et al. (2012); Moran et al. (2017)), or685
sought to identify the effect of flow variability on a preferential avulsion location (e.g.,686
Chatanantavet and Lamb (2014); Chadwick et al. (2019)), or examined the relative in-687
fluence of waves and/or tides and fluvial input on delta morphology and avulsion tim-688
ing (Hoitink et al., 2017; K. M. Ratliff et al., 2018). The effect of lobe building on chan-689
nel bed development under non-uniform flow conditions has been minimally explored as690
a control on avulsion location (K. Ratliff, 2017; Chadwick et al., 2019); herein, impacts691
of lobe progradation are examined in relation to avulsion setup.692
The 24 avulsion cycle simulations explored above (Figures 9–11) affirm previous693
work regarding flow variability and a preferential avulsion location. Over the duration694
of the simulation in Figure 9, avulsions occur at a distance upstream of the mouth within695
a factor of two of the backwater length (LA ≈ Lb), which is consistent with observa-696
tions from natural deltas (Chatanantavet et al., 2012; Ganti et al., 2014; Ganti, Chad-697
wick, Hassenruck-Gudipati, Fuller, & Lamb, 2016; Chadwick et al., 2019). During a sin-698
gle avulsion cycle (Figure 10), erosion, deposition, and lobe progradation interact to set699
up avulsion through superelevation. The location of preferential aggradation and superel-700
evation in the present model is broader and not as well-defined as in other studies (Ganti,701
Chadwick, Hassenruck-Gudipati, Fuller, & Lamb, 2016; Chadwick et al., 2019). This leads702
to a large region of the delta which is nearly-equally set for an avulsion, and hence avul-703
sions occur over most of the topset (Figure 10b).704
This broad region of superelevation is a consequence of the prograding lobe, which705
is defined in the delta system via moving boundary coordinates. When the lobe progrades,706
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aggradation in the backwater reach is reduced because sediment is routed to the deltaic707
lobe instead of being captured upstream to the channel bed. Conversely, progradation708
of the lobe lowers the fluvial slope and causes the channel system to shift the sediment709
depocenter upstream in order to reestablish its equilibrium slope (i.e., maintain constant710
sediment transport capacity) over the delta topset (Figure 13, Kim et al. (2006, 2009)).711
The length scale of lobe progradation predicted herein is larger than documented in pre-712
vious studies (Ganti, Chadwick, Hassenruck-Gudipati, Fuller, & Lamb, 2016; Chadwick713
et al., 2019), and so the region of upstream aggradation is spread over a broader area.714
An important effect of shifting aggradation is to also move the avulsion location upstream,715
though the preferential avulsion length itself is modulated by variable water discharge716
(Chadwick et al., 2019).717
Lobe progradation as an important control on avulsion location is documented with718
model runs that explore the control of avulsion setup threshold (Figure 11). Each of these719
runs has identical boundary conditions, and so sediment flux, per unit time, is fixed across720
the model runs. Hence, avulsion time increases for a constant sediment supply, as this721
condition requires more time to aggrade the channel bed (Figure 11a). The increased722
time to avulsion lets the mouth bar aggrade and also progrades the lobe. In turn, aggra-723
dation occurs upstream to maintain a constant fluvial slope (Figure 13). However, the724
interplay between lobe progradation and variable water discharge is nuanced: while the725
length of the lobe increases from zero to ∼0.3Lb for setup thresholds 0.1–0.3Hbf (Fig-726
ure 11c), the avulsion length remains fixed at ∼0.5Lb. In these runs, where the lobe length727
is small, the variable water discharge appears to be the most important factor determin-728
ing where the avulsion occurs. This suggests that there is a trade-off point at a lobe length729
∼0.3Lb, where deltaic avulsion location preference is set primarily by lobe progradation730
and upstream aggradation.731
Similarly, the model runs with increasing artificial flood intensity highlight sensi-732
tivity to variable water discharge regimes, coupled with lobe progradation dynamics (Fig-733
ure 11d–f). Recent numerical modeling has demonstrated that low-to-flood-flow dispar-734
ity is necessary to set up a consistent avulsion node located at roughly the backwater735
length (LA ≈ 1.0Lb, Chadwick et al. (2019)). The low disparity model runs herein pro-736
duce geometric avulsions (i.e., Qw,flood ≤ 1000, simulating a case similar to a constant737
discharge), because no delta lobe progrades and the model initial conditions are not smoothed.738
In contrast, larger flood discharges redistribute sediment from the channel bed to the739
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delta lobe (e.g., Figure 8c), which simultaneously drives lobe progradation and avulsion740
setup due to low-to-flood-flow dynamics (e.g., Chadwick et al. (2019), Figure 10). This741
co-dependence suggests that variable water discharge and lobe progradation must not742
be considered mutually exclusive in evaluating the timing and location of avulsions.743
For a delta system that maintains a constant slope, the lobe progradation rate scales744
with the vertical aggradation rate upstream:745
P ≈ va
S
, (9)
where P is the lobe progradation rate (Paola, 2000; Ganti et al., 2014; Chadwick et al.,746
2019). Therefore, the length of a delta lobe at the time of avulsion is estimated by:747
LL ≈ P · TA, (10)
and by combining equation 9 with Equations 1–2:748
LL ≈ β · Lb, (11)
where β is the avulsion setup threshold coefficient (Chadwick et al., 2019). The numer-749
ical experiments that vary the avulsion setup threshold explore this scaling prediction750
(Figure 11a–c). For an avulsion setup threshold of 1.0Hbf , the model predicts lobes that751
build out to approximately the backwater length (LL = 1.0Lb) and avulsions that oc-752
cur at ∼3.0Lb (Figure 11c). Indeed, for the full range of setup thresholds tested the length753
of lobes is scaled to the avulsion setup threshold (1:1 line in Figure 11c). The develop-754
ment of this lobe scaling is an autogenic behavior of the model, and arises only after the755
model spin-up period (during which lobes of more variable size are produced; e.g., Fig-756
ure 9c). This is consistent with Chadwick et al. (2019), who suggest that it is necessary757
to bury initial model conditions before assessing autogenic dynamics like avulsion setup758
and timing.759
Broadly, the model is consistent with field and experimental observations of delta760
avulsions and lobe building processes: a setup threshold of 0.4–0.5Hbf (Figure 11a–c)761
produces avulsions at roughly the backwater length (LA ≈ 1.0Lb, Chatanantavet et al.762
(2012); Ganti, Chadwick, Hassenruck-Gudipati, Fuller, and Lamb (2016)). Recent lab-763
oratory experiments that capture backwater mediated deltaic avulsions, variable water764
discharge, and lobe progradation effects predict avulsions at ∼0.5Lb for a setup level of765
∼0.3Hbf at the time of avulsion (Ganti, Chadwick, Hassenruck-Gudipati, & Lamb, 2016),766
which is generally consistent with the predictions made by the model (Figure 11b).767
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Overall, these results emphasize the importance of considering lobe size when eval-768
uating avulsions in the field, from the rock record, or in experiments. If lobe develop-769
ment is small (LL < 0.3Lb), then the avulsion setup is controlled mostly by variable770
water discharge. As the lobe length approaches the backwater length (LL > 0.5Lb),771
the backwater region translates downstream substantially, and lobe progradation influ-772
ences the avulsion location, though the node setup itself arises due to variable discharge773
dynamics (Chadwick et al., 2019). Therefore, in deltas where the lobe progrades to a mod-774
erate fraction of the backwater length (0.3–0.5Lb), the dynamic interplay between vari-775
able water discharge and lobe progradation sets the avulsion location, and a model cap-776
turing both processes is necessary to simulate development.777
5.4 Origin of hydrodynamic and geometric avulsions778
A similar relationship between setup threshold, lobe progradation, and avulsion length779
is documented in a recent numerical delta model by K. Ratliff (2017) and K. M. Ratliff780
et al. (2018). Their model produces “geometric” avulsions, which arise independently781
of variable water discharge or backwater hydrodynamics, but still scale with the back-782
water length. Instead, geometric avulsions occur at a topographic slope-break, defined783
by where a delta land-surface (possessing a relatively flat gradient) protrudes from a ter-784
restrial land-surface (possessing a steeper gradient) (K. Ratliff, 2017; K. M. Ratliff et al.,785
2018; Chadwick et al., 2019). Geometric avulsions arise due to the slope-break: the flood-786
plain elevation is nearly sea-level at the topographic slope-break, and because lobe progra-787
dation drives channel bed aggradation upstream (e.g., Figure 13), superelevation is reached788
most rapidly at the slope-break (K. Ratliff, 2017; Chadwick et al., 2019).789
The present model, as well as the Chadwick et al. (2019) model, couple floodplain790
development and channel bed aggradation in a manner that effectively smooths the to-791
pographic slope-break and suppresses geometric avulsions after a few avulsion cycles (e.g.,792
Figure 9). Furthermore, Chadwick et al. (2019) systematically document the importance793
of the reference floodplain profile used in calculating superelevation; using a more nat-794
ural reference profile that developed after multiple avulsion cycles eliminated the geo-795
metric avulsions in their model, and a backwater-scaled avulsion node emerged only with796
variable flows. This reference profile maintains a slope-break in the K. Ratliff (2017) model,797
due to a weaker channel and floodplain coupling, and so geometric avulsions should per-798
sist in their model under either constant or variable flow regimes. Additionally, a steeper799
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terrestrial land-surface slope in the K. M. Ratliff et al. (2018) model (1 × 10−3) than800
in the present model (1×10−5) produces a larger slope-break, which requires a stronger801
channel-floodplain coupling to smooth.802
The present model behaves similarly to the K. Ratliff (2017) model, insofar that803
lobe progradation is found to be a first-order control on the avulsion length, and that804
initial avulsions occur at a topographic slope-break between the delta and lobe. How-805
ever, accounting for deltaic floodplain sedimentation in essence smooths the slope-break,806
and avulsion dynamics are then dictated by autogenic behavior of the fluvial system (i.e.,807
discharge variability). Without this slope-break smoothing, geometric avulsions may oc-808
cur at the backwater length scale, but the length scale is set by the distance from the809
slope-break to the river mouth, which may be a function of delta age, regional slope, in-810
tensity of coastal processes, or model initial conditions.811
5.5 Avulsion triggering812
An avulsion is dependent on a trigger, because a sustained levee breaching flow is813
necessary to establish a new channel course (Slingerland & Smith, 2004; Edmonds et al.,814
2009; Hajek & Wolinsky, 2012). Avulsion triggering may prove to be an important fac-815
tor in natural systems, where flood discharge magnitude and frequency render avulsion816
timing stochastic. Ganti et al. (2014) demonstrate that rivers with highly variable flood817
intensity exhibit shorter avulsion timescales than expected by a “channel-fill timescale”818
that considers the superelevation of the channel (i.e., equation 2). Two interpretations819
of this finding include: 1) the variable flood intensity produces more focused aggrada-820
tion at the avulsion node, and/or 2) the channel does not require the level of superel-821
evation expected to produce an avulsion.822
In the model runs with increasing artificial flood intensity, the increase in sediment823
flux due to larger flood discharge does not reduce the avulsion timescale (Figure 11d),824
as might be expected from a mass conservation perspective. This is because increased825
sediment delivery occurs during flood discharge, with deposition almost exclusively in826
the delta lobe. Indeed, over a range of setup conditions and flood discharge inputs, the827
modeled avulsion timescale is insensitive to the variability of flood discharge (Figure 12),828
but the avulsion location is impacted as the lobe progrades and the channel bed aggrades829
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upstream (i.e., Figure 13). In summary, increased sediment delivery due to flooding only830
marginally impacts aggradation rate and avulsion time.831
All considered, this favors the latter interpretation, which explains why avulsion832
time measured for the Yellow River delta may be less than predicted: higher flood in-833
tensity variability (and thus greater stage variability) produces more frequent overbank834
flooding at lower levels of superelevation, thereby reducing avulsion time (Ganti et al.,835
2014). Thus, the modeled avulsion times are best interpreted as upper limits to the range836
of expected avulsion times, though the trends observed are reliable. Forward models that837
predict avulsion timing and location could be better informed by flood intensity records.838
It also may be necessary to address flood stochasticity and avulsion trigger when mod-839
eling avulsion timing (e.g., Chadwick et al. (2019)).840
5.6 Comparison with Yellow River deltaic avulsion record841
The records of timing and location of Yellow River deltaic avulsions provide the842
opportunity to evaluate the appropriate avulsion setup threshold for this system by query-843
ing the model. The natural time and length scales of avulsions on the Yellow River delta844
are TA,YR = 7 ± 2 yr, and LA,YR = 52.5 ± 12.3 km. The avulsion length is closely845
matched for conditions across the range of setup-discharge pairs, and the avulsion time846
is best matched for an avulsion setup condition of 0.2–0.3Hbf (gray contour lines, Fig-847
ure 12). The setup threshold that best coincides with the avulsion time corresponds to848
an avulsion length of ≤30 km, which is shorter than observations.849
Due to flood stochasticity and avulsion triggering uncertainty (Section 5.5), the avul-850
sion times calculated here are interpreted as upper limits. This puts a larger weight on851
the predicted avulsion length. The Yellow River delta is therefore interpreted to aggrade852
to 0.3 to 0.5Hbf before avulsion, corresponding to an expected annual flood regime of853
2500–3500 m3/s. These results are in general agreement with other field and laboratory854
research that estimate an avulsion setup condition between 0.3 and 1.0Hbf (Mohrig et855
al., 2000; Ganti et al., 2014; Ganti, Chadwick, Hassenruck-Gudipati, & Lamb, 2016; Moran856
et al., 2017).857
Superelevation on the modern Yellow River delta may be due to an upstream-migrating858
sediment wave, termed a “morphodynamic backwater” (Zheng et al., 2019), instead of859
the traditional hydrodynamic backwater (Ganti, Chadwick, Hassenruck-Gudipati, & Lamb,860
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2016). A morphodynamic backwater effect was not observed in any of the model runs861
herein, at least to the degree that it influenced the timing and location of avulsion. Zheng862
et al. (2019) favor such a morphodynamic backwater based on an observed longitudinal863
trend of decreasing erosion downstream, which they argue implies minimal hydrodynamic864
drawdown and thus precludes discharge-mediated setup of a preferential avulsion node.865
However, 1) erosion need not occur along the entire channel course during flood discharge866
(e.g., Figure 10), and 2) observations before and after a flood may record net aggrada-867
tion, despite transient bed erosion in the backwater zone (e.g., Figure 10), because eroded868
sediment is immediately spent on progradation which lowers channel slope and drives869
aggradation upstream (e.g., Figure 13). Indeed, the progradation of the lobe and mouth870
bar is evidence of erosion of the channel bed at the mouth (Figure 15 in Zheng et al. (2019)).871
A convex-up water surface long profile during floods would be indicative of hydrodynamic872
backwater setup (Chadwick et al., 2019), and the model presented herein reproduces such873
a pattern (e.g., Figure 8a, 9a). Interpreting the cause of modern avulsion setup is fur-874
ther complicated by the decades-long reduction in water discharge reaching the Yellow875
River delta (H. Wang et al., 2007), which has reduced the backwater length of the delta,876
and likely shifted the preferred superelevation location downstream.877
6 Conclusion878
Fluvial-deltaic systems develop through repeated cycles of lobe building, initiated879
by the growth of a distributary channel and culminated by an avulsion. Predictive mod-880
els for avulsion location and timing provide useful tools for understanding fluvial-deltaic881
processes, so as to facilitate interpretation of the sedimentary record and the future en-882
gineering of deltas. The quasi-2D numerical model developed herein explicitly accounts883
for multiple deltaic lobe cycles and planform delta growth, and thus provides insight into884
the processes that set up avulsion. It is found that the development of deltaic lobes drives885
upstream channel bed aggradation in response to reducing fluvial slope, as lobe progra-886
dation increases channel length. This upstream bed aggradation produces avulsions that887
occur less frequently and farther upstream than is realized in conditions that do not pro-888
duce lobes. Specifically, when the delta lobe length is a moderate fraction of the back-889
water length (0.3–0.5Lb), the dynamic interplay between variable water discharge and890
lobe progradation set the avulsion location, and a model capturing both processes is nec-891
essary. It is shown that increasing low-to-flood-flow disparity increases erosion at the mouth892
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and drives lobe progradation, which in turn shifts the avulsion location upstream. Thus,893
the location of an avulsion is sensitive to the superelevation threshold, because larger894
lobes develop when the superelevation threshold is increased. The model parameter space895
is explored to produce a range of realistic avulsion time and length scales for the Yel-896
low River delta system. Comparing the avulsion time and length scale of the Yellow River897
deltaic system to model predictions shows that this system aggrades to 30 to 50% of a898
bankfull flow depth before an avulsion.899
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Table 1. Compilation of measured delta development rates for the Yellow River delta. This
study presents results that are similar to those measured by other researchers.
Citation Mean delta
growth rate
(km/yr)
Unspecified
lobe
(km/yr)
Qingshuigou
lobe
(km/yr)
Avulsion
node
(km/yr)
Qian et al. (1993) 1.38± 0.45*
van Gelder et al. (1994) 0.15 1.5 1.7± 0.1†
Li et al. (1999) 1.29
Z.-Y. Wang and Liang
(2000)
2.6‡ 2.3
Xu (2003) 1.1–1.2
Fan et al. (2006) 1–4 1.3
Ganti et al. (2014) 0.12± 0.7 0.18± 0.02
Zheng et al. (2017) 2–3
This study 0.26± 0.02 1.43± 0.06 0.15± 0.03
* mean and std. dev. of pre-engineered lobes
† annualized over measured record
‡ average of two engineered lobes
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Table 2. Parameterization for Qingshuigou lobe progradation validation run and long-term
model runs.
Parameter Symbol Model input Units
fluid density ρ 1000 kg/m3
sed. density ρs 2650 kg/m
3
porosity φ 0.4 1
domain length L 400 km
spatial step dx 0.66 km
time step dt 8–21600 s
median grain size D50 90 µm
initial bed slope S0 6.4× 10−5 1
bankfull discharge Qbf 3000 m
3/s
formative discharge Qform 1300 m
3/s
bankfull flow depth Hbf 4.5 m
formative flow depth Hform 2.6 m
backwater length-scale Lb 40 km
channel width Bc 0.4 km
floodplain width Bf 4 km
lobe width Bo 9 km
delta opening angle Γ 90 ◦
plume spreading angle Θ 5 ◦
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Figure 1. a) Delta system edge (thick red line) and lobe extent (thin red line), traced from
a photograph of a fan from a physical experiment (Reitz & Jerolmack, 2012). b) Sketch demon-
strating a conceptual model for deltaic system growth, where deltas grow through a series of
lobe-building cycles, with typical timescales of development indicated (Jerolmack & Mohrig,
2007).
Figure 2. a) Location map of the lower Yellow River, where it exits the Loess Plateau and
traverses ∼900 km to the Bohai Sea. Lijin is situated at approximately the modern delta apex.
Solid line box shows the approximate extent of Figure 2b. Dashed line shows the approximate ex-
tent of Figure 4a. b) Historical record of deltaic avulsions and coastline positions for the Yellow
River delta, China (reproduced from Ganti et al. (2014), after Pang and Si (1979); van Gelder et
al. (1994)).
Figure 3. a) Radially averaged coastline position (squares) measured as distance from Lijin
and avulsion location (circles) measured as streamwise distance from Lijin, show progradation of
the deltaic coastline and forward stepping of deltaic avulsions through time; data extracted from
the historical record and satellite imagery (Figures 2b and 4b). Discrepancy between this study
and Ganti et al. (2014) is due to georeferencing uncertainty, addition of new data, and difference
in regression methods (Supplementary Material). b) Boxplot of avulsion time (actual data shown
to side, n = 6), TA,YR = 7 ± 2 yr (Ganti et al., 2014). c) Boxplot of avulsion length, as mea-
sured streamwise from the coastline to the avulsion location (actual data shown to side, n = 7),
mean = LA,YR = 52.5± 12.3 km.
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Figure 4. a) Landsat 2 satellite composite image (1978) with superimposed coastline trace
from a 1976 Landsat 2 image (white dashed line). In 1976, an engineered avulsion at the small
open circle changed the channel course from the north (dotted line, open arrow) to the east (solid
line, solid arrow). When compared to the 1976 coastline, the underlying satellite image shows
retreat of the former delta lobe in the north (Diaokou lobe) and development of a new lobe to
the east (Qingshuigou lobe); development of the Qingshuigou lobe continued without subse-
quent avulsion until 1996. b) Coastline traces derived from historical record and satellite images.
Traces from 1973 to 1982 are from manually georeferenced Landsat 1, 2, and 3 sensor measure-
ments. Traces from Landsat 4, 5, 7, and 8 are derived by automatic image processing (details and
positional error information are included in text). Thick black line represents a portion of the
channel centerline during the progradation of the Qingshuigou lobe.
Figure 5. Schematic (not drawn to scale) depicting numerical model immediately prior to
an avulsion in a) the one-dimensional long profile, showing the subaerial delta topset, change in
channel bed elevation (shaded brown area) from the initial channel bed a bankfull flow depth
below the topset (thick dark-brown line), water surface (blue line), the initial delta coastline po-
sition (which is also the initial mouth location before lobe progradation), and the current river
mouth position and extent of lobe (shaded brown). b) Planform depiction of the delta system
for the same time as (a) (the long profile would be a slice down the 45◦ axis), the floodplain
(shaded in dark green) and a developed lobe (shaded in brown) depict the model depositional
area. Θ is the offshore-plume spreading angle, here set to 5◦ after Lamb et al. (2012). c) Long
profile and d) planform schematic depicting numerical model immediately following an avul-
sion. Sediment in the delta lobe is redistributed along the delta front, and sediment deposited
in the floodplain is redistributed axisymmetrically across the delta topset over the annulus area
for each x-coordinate, thereby prograding and aggrading the delta. The channel bed is linearly
interpolated to a bankfull flow depth below the topset for locations downstream of the avulsion
location.
Figure 6. a) Daily-average water discharge from 1976 to 1996 at Lijin. b) Calendar day av-
erage of daily-average water discharge from 1950 to 2000 at Lijin. c) Artificial water discharge
inputs. Dashed line in all plots is the lower Yellow River bankfull discharge, Qw,bf = 3000 m
3/s
(Z.-Y. Wang & Liang, 2000; Zheng et al., 2017).
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Figure 7. a) Mean delta radius as measured from the datum of the city of Lijin, with best-fit
linear regression to data from 1855 to 1996. Note that this dataset is also displayed in Figure 3a.
b) Lobe length as measured streamwise from the west end of the channel centerline mapped in
Figure 4b, with a best-fit linear regression to data from 1976 to 1996 (highlighted). This regres-
sion is a measure of the lobe progradation rate.
Figure 8. Model result from 1976 to 1996 Qingshuigou lobe progradation validation run. a)
Long profile depiction of channel bed evolution through 21 years, showing the aggradation of the
bed followed by progradation of the mouth from blue to yellow lines denoting time progression.
b) No avulsion occurred during the model run and the mouth location was prograded by ∼26 km
at an annualized rate of 1.24 km/yr. A regression to the mouth location through time gives a
rate of 0.94 km/yr. Horizontal blue dashed lines denote timing of peak floods from hydrograph
in Figure 6a. c) Proportion of sediment deposited in delta or lobe region of the model, grouped
into discrete discharge bins and normalized to the cumulative input sediment flux for that dis-
charge bin. Discharges above ∼2000 m3/s are dominated by deposition in the delta lobe instead
of the delta (red and blue lines, respectively). Discharges above ∼3500 m3/s show more sediment
deposited than input, indicating erosion of the channel bed in the delta and redistribution to the
delta lobe. At the end of the run, 88% of the total sediment input is deposited in the delta lobe
(normalized per unit length).
Figure 9. Model result from a 24-avulsion cycle run with calendar-averaged input water dis-
charge data. a) Long profile and b) planform depiction of model immediately prior to the 24th
avulsion; by which time the channel bed has aggraded ∼3 m over the model run, in step with
the topset aggradation of ∼2 m. The delta coastline has prograded approximately 40 km; blue to
yellow lines denote time progression. c) Delta lobe and delta coastline progradation, and avulsion
location through time. Stars are timing and location of avulsions, shaded region denotes back-
water region of model domain. Delta system growth occurs through repeating lobe progradation
and avulsion cycles. Box-plots of avulsion statistics (excluding three-avulsion-cycle spin-up pe-
riod) for d) avulsion time (TA), e) avulsion length (LA), and f) lobe length at time of avulsion
(LL).
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Figure 10. a) Deposition and erosion rates through the setup to the 15th avulsion (i.e., the
15th avulsion cycle) in the model run depicted in Figure 9. Change in bed elevation for flood
and subsequent low-flow cycles b) #18, c) #12, and d) #6. Points mark the maximum deposi-
tion/erosion location for that flood cycle; shaded area is the standard deviation of the two cycles
before and after (not visible in b and c).
Figure 11. Avulsion time and length and lobe length at the time of avulsion for model runs
which test the effect of change in a–c) avulsion setup threshold, and d–f) flood intensity. Data
points and error bars represent mean and standard deviation, respectively, of 21 avulsions fol-
lowing a three-avulsion-cycle spin-up period. In a–c, increasing the setup threshold for avulsion
produces a nonlinear increase in avulsion time and length and lobe length. The 1:1 line in c re-
lates the setup threshold to lobe length though a scaling prediction (Ganti et al., 2014; Chadwick
et al., 2019). In d–f, small flood discharge runs (≤ 1000 m3/s) separate from the higher flood
discharge runs: avulsion time and length are comparatively small and no lobes develop. For
larger flood discharges, avulsion time is longer but roughly constant, and avulsion length and
lobe length increase linearly.
Figure 12. Heatmaps of mean a) avulsion time and b) avulsion length for a range of setup
and flood discharge pairs. Gray circle shows the model run in Figure 9. Gray lines denote the
distribution of the Yellow River delta avulsion record data: mean (solid line, TA,YR = 7 ± 2 yr
and LA,YR = 52.5 ± 12.3 km), ± 1 standard deviation (dashed line), and the upper and lower
bounds of the data range (dotted line).
Figure 13. Sketch through backwater zone with channel bed depicted for three stages of delta
development. Aggradation of the channel bed begins near the mouth bar and in the backwater
region, and proceeds until the lobe progrades. For an avulsion occurring without any lobe progra-
dation (1), maximum aggradation and this avulsion would occur within the backwater reach,
where low-flow deposition and flood-flow erosion set up a clear preferential node for avulsion
(e.g., Chatanantavet et al. (2012); Ganti, Chadwick, Hassenruck-Gudipati, Fuller, and Lamb
(2016); Chadwick et al. (2019)). For a fixed sediment volume, deposition in the lobe reduces sed-
iment deposited upstream, which slows (but does not halt), channel bed aggradation upstream.
Thus, at some later time (2, 3), when the avulsion setup threshold is reached, the location of
avulsion is farther upstream. This results in larger avulsion time and length as a result of higher
setup conditions and/or lobe progradation due to larger floods (i.e., Figure 11).
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